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Abstract 

This paper disccsses the imcertainties and 
associated costs involved in selecting design- 
a particulate control device to meet California's 
air emissicm regulations. The basic operating 
prin** ‘'des of electrostatic precipitators and fabric 
fiite. « are discussed* and design parameters are 
identified. The sine and resulting cost of the coo- 
I rol devic ' as a function of design parameters is 
illustrated by a case study for an BOO-MW coal- 
itred utility tioiler burning a typical southnarestem 
subbituminous coal. The cost of selecting an 
unders>z«Hl parti%‘uiate control device is compared 
witit tht cost t»C s«*lectin|£ an oversiau^d device. 


California's Particulate Emission Limits 

In California, as in most states, there are 
many particulate emission regulations for coal- 
fired utility boilers. Some of the regulations 
applicable in California include: 

(1| Federal new source performance 
standards. 

(2) New source review rerquirements for non - 
attainnu-nt areas. 

Best available control technology. 

Lowest achievable emission rate. 

Emission offset requirements. 

(3) Process weight rules. 

(4) Local maximum emission rate rules. 

Many of the process weight and local maximum 
omission rate rules are designed to prevent the 
const nicii n uf now coal -fired utility boilers. In 
fact. Scaitorgood Unit 3. a 309-MW gas -fired 
boiler owned by the Los Angeles Department of 
Water and Power, is just able to meet the local 
maximum particulate emission rate. 


Kern County's process weight rule, typical of 
many in California* is: 

allowed emissions |lh/br) s 17. 31^ 


where p - cc»al fired in tons per hour. Jnder this 
rule, an 800-MW unit burning 350 tons per hemr of 
a typical sonthwest subbituminous coal with a heat- 
ing value of 10.000 Btu per pound and cootaming 
10 percent ash would be allowed to emit cmly 44.4 
pounds per hour of particulates. This limit, cqui- 
val«.nt to 0.0062 pounds per million Btu. would 
require a particulate collection efficiency of 99.93 
percent — which is clearly not within cur **ent 
state of the art. 

By the end of I97B. California will submit to 
the U. S. Environmental Protection Agency a new 
State implementation l^an containing revised 
limits for the control of particulate emission*. 

It is expected that tt.is pian will require new coal- 
fired plants to be equipped with the best available 
control technology (BACT). and that the BACT 
limit will be similar to the limit of 0. 03 pounds 
per million Btu that EPA itself is considering. 

The California Aii Resources Board expects 
promulgation of the new statewide limit to result 
in a relaxation of the numerous stricter local 
emission limits. 

Uncertainties in the Se le ction and Design of 
F^ticulatc Control Devices 

Electrostatic Precipitators. Electrostatic 
precipitators (ESPs) have historically been used 
for the control of particulate emissions from coal- 
fired utility boilers. (Wet scrubbers, also histori- 
cally used, are no longer usually selected: the 
very high operating pressure drops they need in 
order to achieve the collection efficiencies required 
by current and proposed new source performance 
standards result in uncconomtcally high operating 
costs. ) 



dectroitAtic precipitA*crs parttculate 

iMtier Vy rlrctricaliy rluinginf. tn«- p«rti. K • m Tile 
strem* aad cImi Aliowiflif th^ perticle^ selfi*^ 
cleat residence time in Uie CSP to mi|;rstt to tlr^ 
oppositely ctecfed collecting ploies* TH. collect* 
log plates are periodically rapped to d-.«lodge the 
collected ash* orhich slides uao the coUecUoo 
hoppers. Figare 1 illastrates a typ cal FSF« 
shtMriag the general configoration of the discharge 
electrodes, collecting plates* and as.^ hoppers, 
hft this illttstration. three stages of electrodes* 
plates* and hoppers are osed* 

The velocity at which the charged particles 
n^igrate t^vard the ctillecting plates detc rmines 
the stxe and the restuttog cost of the ESF- The 
higher Hie vel^ity* the smaller the stxe a.id the 
lonr^r the cost. The velocity is dependent on 
nnmeroas paranseters* the most incportnot oC which 
are particle «iae and ash resisuvay. High* 
resistivity ashes containing small particles are 
capable of accepting oa*y retati^'t^ty small electri- 
cal charges and therefore have a relatively low 
migration velocity. Ftgnre * dost rates the 
resistiv^y of two typical coal ashes as a fimctftan 
of temperature. Note that medium -sulfor coal ash 
typically has a lower resistiirity than law*suUur 
coal a.fh. L.ikmrise* high*sttlfur coal ash usually 
has a Icnrer resisU%'ity than medium -sulfur coal 
ash. Note also that the ash -resistivity curve peaks 
at a temperature uC about 4*J0 d. <*rees. From this 
curve we can see that, in oru« * the low 

resistiviiv desired, ihe c;SP at a 

point in the system vh. re temperatut^s are b«'^tosr 
S«jO*F or above 600* F. to a typira! coal*fired 
boiler, gas temperatur .r are usually abu\-e 600' 1 
upstream of *^he air prebca:er and below 3l)C*F 
downstream of the air preheater* urns pro* ’idiot 
locaiioas for hot-side and cold*side CSPs. 

Both coal properties and ooiler operating con- 
ditions introduce uncertainties into the design of an 
ESP. The prirrary coal properties of interest are 
the ash content of she coal end its resistivity. The 
ash content of roal from a single mine varies con- 
siderably from day to day; similarly* the resis- 
tivity may vary. If the coal source changes* as it 
may in th ^ life of a coal-fired power plant, the 
changes in ash properties are oftexi quite dramatic* 
especially i< the ^oal sulfur content changes signifi- 
cantly. The prim»>ry boiler operating condition of 
interest is the boiler's anticipated duty, A base- 
load plant maintains a fairly constant exhaust gas 
temperature and Bow rate, while a load-foUowing 
plant often produces significant Auctuatioos in 
exhaust gas temperature and flow rate. These 
Attctuatiomi affect the ash resistivity and velocity 
through the precipitator* Therefore* the designer 
of an ESP must consider current and future 
coal supplies and plant operating conditions. 

Design parameters for hot -side ESPs reported 
VO the Federal Power Commission on FPC Form 67 
are illustrated in 1 igure 3. The specific collector 
area fSCA) is an indication oc the size of the ESP 
and is a function of the particle n.igration velocity 
and required collection efficiency. Note that* at a 
collection efficiency of 99.5 percent* the design 
SC As vary between 260 and 74C II 2/ 1000 ACFM* 
This threefold difference in SC As is probably due 
to different design ash resistivities* but in the case 
of the two large SC A values '*% i.'.ay dso reflect the 
existence of a severe financ. al pcna!i y to the vendor 
if the ESP docs not meet strict performance 
guarantees. 


Fabric Filters . Fabric filtrra* or haghooaes* 
have only r^ody* come Into use for the collection 
of particulate matter from utility boilers. There 
are currently a few relatively small fabric filter 
QB utility boilers and a few larger 
installations planned or under constructioiu Fig- 
ure 4 Uinatrates a typical fabric filter module 
wherein the particle -laden gas enters che base of 
the fPter and travels upward thr o u g h the numerous 
hags that collect the particulate matter. The bags 
are periodically cleaned by diverting the gas flow 
to ofoer modules and either shaking the bags or 
reversing the air flow through them to remove the 
collected ash. 

rhe sixe and resulting capital cost of a fabric 
filter is a funct.on of the gas velocity through the 
tags. This velocity is called the air -to -cloth 
ratio. Eower air-to-cloth ratios generally provide 
higher collection efficiencies at lower operating 
pressure drops and require larger-siae installa- 
tions for a given application. The design of a 
fabric filter involves a trade-off between the high 
capital cost for a low air-to-cloth ratio and the 
high operating (pressure dropi and maintenance 
(nag replacement f costs associated waU. a hi^ 
air-to-cloth ratio. Bag material and cleaning 
frequency must also be included in the design 
trade-off. 

Fabric filters are less sensitive than ESPs to 
variations in coal ash content and ash properties. 
However, uncertainties in the design of fabric 
Titers still exist* primarily in relation to the 
pressure drop and residting operating costs. 
Pressure drop* which depends partially on the 
shape ;md sixe distribucioo of th** fly ash* can 
change signtflcantly for a given fabric filter udten 
the coal source is changed. 


Performance Models for 
Electrostatic Precipitators 

For a gt%*en application, the collection effici- 
ency of an ESP is inversely proportional to the 
velocity of the gas narallel to the collecting plates* 
Or directly proportional to the residence time of 
tk^ gas in the ESP. This relationship is expressed 
by the Deutsch equation 

= I - exp (-W (I| 

where 

- collection efficiency 

w = migration velocity of the 
particles 

A - collecting plate area 

V - gas velocity parallel to the 
rollecting plate 

The relationship y is often called the specific 
collector area (SC A), as indicated in the preceding 
Section. The SC A* once determined* i multiplied 
by the gas flow rate through the ESP to determine 
the total collecting plate area required for a given 
coUection efficiency. 

The migration velocity* as mentioned pr - 
viouvly* is v«*ry sensitive to particle size a- i ash 
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r«*s&suvity as w^ll as to electrical cooditiofts 
orithiD the iCSP. Most ESH drsij^aers use sontr 
Corm of the Oral set* rqoattoo to determine the 
required ESP sixe for a g:tvra apfdicatton; and, 
since nM>st designers n^e only> one particle sine 
instead of the parttcle*stxe distribotion actnally 
found in tin* i^as stream, a f:r«*a; deal of enperi*-nce 
is req*4trft*d in selecting: the proper migration 
velocity, this design approach srorks fairly mil 
when low-resftstteity, high-sulfur eastern coals 
are used in boilers subject to relatively lenient 
emission limits. Pufortuoately, however, the 
recent increase in the use of high- resist ivity 
western coals coittuired with the increasingly more 
stringent particulate emission limits has forced the 
design of ESP> outside of the realm of experience 
of many ESI* designers. 1 his has resulted in the 
gro: s underdesign or overdesign of ESPs for 
Western eoals. Although ‘t»e ESP business is very 
compt*ti:.*. few i^*rformance ettarantees have 
b«-en r*‘quir«'^ in the past. Coas<-q«wnily, nH»st of 
the early FSPs for western ccals were grossly 
underdesigord. ESP designers ha%'e subscqu<sitly 
modified the form ot U»r Deutsch equation or sob- 
stttux«-d lower migration velocities in an attempt to ' 
model the p.'rformance of ESPs operating outside 
their r« aim of experience. 

Hu* I Vrforittance Model. To provide 

ESi • dr^ig««*r> with at Miller d«*‘sign tool. Southern 
K«'>eareh Insltluie |SoKI} under contract with EPA 
ho> d«*v«*lop>*d an ESP pt*rformance ti:udel that is 
liasied tMi th«' detailed physics of particle colleciion 
and eonsiders tiu* distributian of particle sizes ll|. 
Th«‘ SoRl model is «,ui!e complicated, and its 
«!»4C0 lines of computer code offer the designer 
little insight into the physical processes taking 
place in ih«* ESP. U'hilt* it is a vast improvement 
over th«- approach used by many ESP designers, 
the Solti model calculates theoretical, or ideal, 
collection efficiency and still requires the designer 
to as5um«' values for gas -flow maldistribution, gas 
leakage, rapping rccntrauiment. ash electrical 
properties, and the internal geometry of the ESP. 
all of w'hich contribute to the non ideal collection 
efficic*ncies encountered in the field. 

Ihe SoRl ESP model has been simplified and 
programnii'd b> Sparks 12) for use with a program- 
mable calculator. The simplified version con- 
siders she distribution of particle sizes encountered 
in the ESP and should be of great value to the ESP 
designer. It requires the use, however, of the 
SoRl computer model to generate numerical values 
for Use in calculating particle migration velocities; 
Several typical migration velocities as a function of 
current density are included in the Sparks report. 

The |t»k*n*kron Perfornuince Model , lekne- 
kron has developt*d a correlating function for ^he 
overall efficiency of an ESP that can be used with 
expt*rinienial data to predict th efficiency of an 
ESP of given size. A brief deSw-*ip:ion of the 
Teknekron ESP performance model is presented 
here; a thorough description has recently been 
published and should lx* consulted if more detail 
is required (3). 

Ihe approach suggested by White (4) for 
handling the effects of particle -size distribution 
on ESP collection efficiency is 


where w|xl is the magration velocity as • fonctioa 
of particle sixe, Pfx| the particle -size fr«’qoency 
distribution, and x the particle diameter* The 
functional form of w(x) is predicted by electro* 
static theory to be linear with respect to particle 
diameter x: 


wfx| 


•oEcS* 


C3» 


where is a function of the particle dielectric 
constant, E^ >> the particle charging fieto 
strength. Ep is the stre^tfa of tl^ precipitating 
field, and is the gas viscosity. 

The Teknekron model assumed that migration 
velocity ts a linear function of particle dianwter, 
i.e.. 


wfxl = w^*W|X 44) 

The tv a parameters w^ and W|characterize the coal 
used and make it possible to include the effects of 
thermal charging fas x goes to zero, w is finite). 
The resLvtivaty of a given coal ash can be embedded 
in the parameters w^ and W|. as denninstrated by 
Sparks 42). 

Ihe integraiioffi of collection efficiency with 
respect to particle size can be perforrx*d analyti- 
cally for a nunibt*r of functions of migration 
VI* toe it y if one employs semilogarithmic (or 
«»xponential) correlations for particulate loading and 
collection efficiency rather than the standard power 
law (log-log) correlations conventionally used in 
recording efficiency data. This method appears to 
entail a negligible loss of accuracy, even for 
99. 4-percrnl overall collection efficiencies. The 
analytical expressions for overall collection effi- 
^!*ncy do appear to scale up reasonably w-ell for 
fieid data, although any conclusions about the 
v*-*ilidity of the method should be reserv«*d until 
more data bc^com.- available. 

The exponential distribution for inlet particle - 
size takes the form 


l*(x) R exp 4-Bx) <S) 

which corresponds tu the cuiiiula;ive distribution 
Yfx) exp 4-Bx) (b) 


This cumulative distribution is defined as the 
mass fraction of particles having a d4anie*er 
larger than or t*qual to x. Hence, Y(o) =1. 


The R’s calculated for representative distri- 
butions of fly-ash particle size for three boiler 


typ«*s are as follows: 

Boiler Type B 

pulverized coal 0. 040 

stoker 0. 017 

cyclone 0, 10 


Ihe peutsch equation in terms of w can be uritti'n 
as 


«*xp (- ^ 


w) 




I 


I - fj fxp -|^w,x)) P(x) dx 


( 2 ) 


n (*) 


( 7 ) 



ttvf S ♦ Wj*. tteK 


I . esp ^ Wj«| 


( 8 ) 


If tAe linear form of wfx| in snbslitnted into 
Vhite*n eqiiatlon icqoation 2| and integrated nnii^ 
an eapooeniaal partlcle^sise distrilmUoa, we obtain 
the followlag correlating expreaaioo for total 
collection efficiency 


1 -1 


B exp 




The nt-w performance model has four primary 
features: 

fl) Ti:: llentsch equation is used as it should 
be os«*d — for a giec^n particle sixe. 

(2) Migration velocity is characterised by 
two parasnetersp Wq and W|, which are 
functions of the coal »irp«; ^nd can be 
determined experimem«^**v» 

|3) Intel particle *sixe distribution is char* 
acterixed by a single parameter* B* 
which is a function of the boiler type. 

<4 1 Overall efficiency is analytically 

expressed* and a closed form solution is 
possible. 


Case Study 

Particulate control costs for an 800 -MW coal- 
fired boiler using a hot-side BSP and a fabric fil- 
ler are examined in this case study. Also* the 
cost of selecting an impropiTly sixed control 
device is discussed* The basic paranu-UTs for the 
case study are: 


Unit six# - 800 MV 

rate - 8800 Bto/kWh 

Unit type - fodrerlacd coal- suspension 
fired 


Coal type - Southwest subbitmnlnous 
Heating traloe — 10,000 Btu/lb 
Ash content - 10% 

SuHnr cooteni — 0.8% 

Emission limit - BACT of 0.03 lb/ 

MBtn 

Rcqnired particnlate removal * 99/65% 
Controlled emission rate - 216 Ibs/hr 

Hot-side ESP. Figure 5 illustrates the migra- 
ttcMi velocity as a function of particle sixe for a 
typical hlgh-resisctvUy ash in a hot -side ESP. 
Using Vo - 0.02 m/sec and V| s O.OIS m/sec 
from fagore 5 in equation 9 reveals that an A/V of 
478 ft^/ICOO ACFM wlU provide the required 
99 . 0 S per-'-iu particle removal. This is equiva- 
lent to an average ‘‘effective** migration velocity 
Cor the entire range ««f particle sixes of 6 cni/s«*c, 
which is typical (5| of ttiat r«-porte«t for high- 
resisUvity ash in a hoi • -;id«' ESP. 

A hot -side electrostatic precipitator operating 
at a temperature of 700 **F in tlus case must treat 
3,547*000 actual cubic feet pa*r minute lACFMI of 
flue gas* The ESP collecting plate area is ihere- 
fore 1.7 million square feet. 


The ej*‘Umated turnki^y capital cost for the 
is summa . txed in I able 1 . 


ESP 


The cost estin»a:es are for an ESP delivert-d 
in late 1976* If the same system were ordered 
today for installation in 1981* vendor quotes would 
be higher to reflect almost two years of known cost 
inflation plus three years of estimated inflation. 
Also* if performance penalties are severe** the 
cost estimate will be higher to aUow for a more 
conservative design and for the installation of 
additional coll«*ctor area, if required* 

lablc i !»ummartzcs thv o^ktintated annual costs 
of the ESPassuming a capacity factor of 65 percent. 


Table 1. Electrostatic precipitator turnkey capital cost estiirate 
(basis: last quarter 1976 costs and doUarsl 


Cost 

Cost item (millions of dollars) 


ESP device 


$U.7 

Ducting 


2*8 

Ash handling 


2.7 

Total equipment cost 


SI 8.2 

Ash pond 


3.8 

Total direct cost 


$22.0 

Indirect costs 


8.0 

Contingency and fee 


7.8 

Total capital investment 


$37,8 

Capital investment per kW 


$47. 25 
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Tabltt 2* El«ctraatatic p r e ci pitator 


Operatii^ and m atetonance fQ%M} 

Labor and aoporvlslon 
MataHtoBaoce and sappUss 

Aab diapooal 

Electricity tl 2S iniiL .^bWb 
Se bto ta l ObM corc« 

Fixed Coete 

iMoraaco. depreciation, taxes 
Capital cost 

Subtota l fixed costs 

TOTAL AMHUAL COST 


$ SO.MQ 
2 .000.0M 
LMd^OM 
200, OM 
1,140,000 

$4,420,000 s 0,97 miUs/bWh 


$3,642,000 

3,400,000 

$7,042,000 = 1.55 anlUs/kWb 
$1 1, 472, 000 s 2. 52 millit/fcWb 


Fabric Filter, A fatale filter io this case is 
assumed to operate at 341 'F and to treat 
2, 446*000 ACFM of gas. An air*to«clnfii ratio of 
2 is typical of many fabric filters designed tor 
utility boilers and in this case results in a filter 
area of 223,000 square feet, A desigp pressure 
drop of 4,5 inches of water is used to calculate 
operaiing electricity costs. If the pressure drop 
cannot be maintained at this level in practice* 
op«» rating elect rict*- costs will uicrease 
proportionately. 

The «*siiiiated turnkey capital costs for the 
fabric filter are shown in Table 3, These costs, 
like the ESP capital costs, are for a fabric filter 
deliver«-d in late 1*^76 and are subject to the same 
inflation rates. 

Table 4 summarises the fabric filter's esti* 
mated annual costs based on a 65 p*.-rcent capacity 
factor. In this case, annual costs for a fabric fil- 
ter are less than those for a bot'^side ESP, This 
may not be true , howe%'er, tor all applications where 


low-sutfur coal is burned. Each application must 
be evaluated separately. Still* these cost esti* 
mates do support the tread shown by some utilities 
toward the use of fabric filters. It should be fwted 
that this case study does not consider the need for 
a flue gas de suitor izatioa |FGD| systen% for suitor 
dioxide control. If applicable SO 2 emission limits 
require the use of an FGD system, the particulate-^ 
coUeettexk capabilities of the FGD scrubber should 
be considered, A detailed performance and cost 
study may well reveal that the particulate control 
strategy having the lowest anixuil ^ 3St involves 
using a medinm*eflicieacy ESP followed by a wet 
scrubber combining FGD and particulate control. 

Fabric filters usually meet or exceed the 
particulate -removal requirements specified in the 
design* but oilen at the cost of unexpectedly high 
pressure drops. Corrective action to lower the 
pressure drop incltsdes installing additionai mod- 
ules to lower the air-to-cloth ratio* using a dif- 
ferent fabric type* and increasing the frequency 
of bag cleaning. 


Table 3, Fabric filter capital cost estiinates 
(basis: last quarter 1976 costs and dollars) 


Cost item 

Cost 

(millions of dollars) 

Fabric filter device 

Ducting 

Ash handling 

Total equi|Miieni cost 

Ash pond 


$13,1 

0,8 

0.J 

$lto,4 

3.8 

Total direct costs 


$20,2 

Indirect costs 
Contingency and fee 


6.8 

7.0 

Total capital investment 


$ 34.0 

Capital invr-tment per kW 


$42. SO 
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Tahia 4. Fabric liiMr asm 

al costs 


Operattog and matrthmanco (06MI 

Labor and supnrvlakm 

$ 50 000 


Maintunanco and ouppltes 

Loot. 000 


Oerhoad 

530,000 


Ash diapoeal 

200,000 


Electricity 

525.000 


Subtotal OhM costs 

$2. 305. 000 s 

0.51 miUs'kWb 

Fixed costs 

Depreciatloo, taxes, insurance 

$3,270,000 


Capital cost 

3. 050. 000 


Safatolal fixed costs 

$6. 330. POO - 

1. 39 mUls/kWb 

TOTAL ANNUAL COST 

$8,635,000 = 

1. 90 miUs/kWb 


If an ESP fa Os to meet tbe partictilate- removal 
requirements, eidier the average effective migra- 
tion velocity or specific collecior area iimst be 
increased, or a coal of lover ash content must be 
used. The mig ration velocity can be increased by 
using a coal with a lover asb resistivity or by con- 
datioobig the gas to lower die resistivity. The 
specific collector area can be Increased either by 
retrofitting increased collector a*«^a or by titrating 
the boiler to reduce tbe gas floi» *^ate. All these 
options are expensive and must be evaluated for a 
specific site to determine which is most cost 
effective. 

1 igure 6 illustrates tbe effect that an improp- 
erly sized ESP can have on tbe cost of generating 
electricity. At the design point, net generating 
cost exclusive of fuel is 26 mills/ kWh. Tbe right 
side of tbe curve illustrates the effect on net gen- 
erating cost of selecting an ESP that is larger than 
required, while the left side of the curve illustra- 
tes the effect of selecting one that is smaller than 
required (so that the boiler must be derated to 
achieve emission compliance). The dashed lines 
represent the probable range of costs if additional 
collector area is retrofitted. Retrofitting, how- 
ever, requires time; and the boiler must operate 
in a derated mode for a number of months until 
retrofit is completed. 
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Asl> Resistivity (Ohm-cm) 


Figure 2 

TYPICAL COAL ASH RESIS11VITY /tf A FlMCniON OF TEMPERATURE 



I VII 


Design Efficiency (%) 


Figures 

DESIGN PARAMETERS FOR HOT-SIDE ESP AS REPORTED TO FPC 



191 




EFFECT OF IMPROPERLY SIZED HOT - SII>E ESP ON NET GENERATING COSTS 





(i|M>(/s||!W) lanj io 6utp>npx3 Suiiojaua*;) 
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Specific Collec^f>r Areo (SCA) (Ft'^/IOOOArrM) 



